sensory analog of the posterior ␣ rhythm, and for lowfrequency rhythms that are associated with relaxed wakefulness in rats (Buzsá ki, 1991 Interestingly, rhythmic activity at a similar frequency In relaxed wakefulness, the EEG exhibits robust rhythms in the ␣ band (8-13 Hz), which decelerate to ‫5-3ف(‬ Hz) has been observed in the LGN of cats during drowsiness and sleep (Kanamori, 1993) and, as with ‫7-2ف(‬ Hz) frequencies during early sleep. In animal models, these rhythms occur coherently with synchro-
During drowsiness, a scenario which is considered to be related to disfacilitation at the thalamic level (Steriade et al., 1993), human ␣ rhythms are briefly replaced by slower activity at ‫7-2ف‬ Hz, prior to the onset of spindle Summary (7-14 Hz) and slow (Ͻ1 Hz) waves (Niedermeyer, 1993b) . Interestingly, rhythmic activity at a similar frequency In relaxed wakefulness, the EEG exhibits robust rhythms in the ␣ band (8-13 Hz), which decelerate to ‫5-3ف(‬ Hz) has been observed in the LGN of cats during drowsiness and sleep (Kanamori, 1993) and, as with ‫7-2ف(‬ Hz) frequencies during early sleep. In animal models, these rhythms occur coherently with synchro-
LGN ␣ rhythms, can occur either in isolation or coherently with activity in the visual cortex, suggesting that nized activity in the thalamus. However, the mechanisms of this thalamic activity are unknown. Here we it can also be generated intrinsically in the thalamus. Note that this type of activity is distinct and unrelated show that, in slices of the lateral geniculate nucleus maintained in vitro, activation of the metabotropic gluto that occurring in the hippocampus of rats during exploratory behavior and REM sleep (see Buzsá ki, 2002). tamate receptor (mGluR) mGluR1a induces synchronized oscillations at ␣ and frequencies that share
In this study, we show that, following strong activation of the metabotropic glutamate receptor (mGluR) similarities with thalamic ␣ and rhythms recorded in vivo. These in vitro oscillations are driven by an mGluR1a with either trans-ACPD or DHPG, slices of the cat LGN maintained in vitro can generate synchronized unusual form of burst firing that is present in a subset of thalamocortical neurons and are synchronized by oscillations in the ␣ (8-13 Hz) frequency band, whereas more moderate mGluR1a activation slows these oscillagap junctions. We propose that mGluR1a-induced oscillations are a potential mechanism whereby the thaltions to within the (2-7 Hz) range. These oscillations share a common cellular basis, being driven by highamus promotes EEG ␣ and rhythms in the intact brain.
threshold ( , these results suggest that activation of mGluRs present over the occipital cortex and is maximal when the eyes are closed (Berger, 1933 ). This rhythm is is an important general mechanism for inducing synchronized neuronal activity at a variety of physiologically thought to be influenced by a thalamic "pacemaker" (Lopes da Silva et al., 1973 Silva et al., , 1980 ; Rougeul-Buser and relevant frequencies and in several distinct brain areas.
In particular, we propose that mGluR1a-induced oscillaBuser, 1997) because its equivalent in dogs and cats is accompanied by simultaneous and coherent activity in tions at ␣ and frequencies represent a potential route whereby the thalamus promotes EEG ␣ and activity the lateral geniculate nucleus (LGN) (Lopes da Silva et al., 1973; Chatila et al., 1993) . Furthermore, these LGN in the intact brain. ␣ rhythms are sometimes present even when cortical ␣ rhythms are not (Lopes da Silva et al., 1973), which Results suggests that they can be generated locally in the thalamus. A similar relationship exists between the somatoActivation of mGluR1a Instates ␣, , and Slow sensory cortex and thalamus for the cat equivalent of Waves in the LGN Slice the human rhythm (Bouyer et al., 1983) , the somatoIn control conditions, extracellular field recordings from slices of the cat LGN in vitro showed a lack of spontaneous activity (n ϭ 68) ( Figure 1A) . However, the nonspe-*Correspondence: hughessw@cardiff.ac.uk Figure 1D ). In we identified single-unit activity in four recordings (13%) that showed correlated firing with both local ␣ and normal conditions, animals often remained in a condition of relaxed wakefulness for several (Ͼ5) minutes. Howfield activity ( Figure 2B ). The remainder of the units did not exhibit correlations with either ␣ or waves. The ever, following LY367385 injection, all cats became sleepy and were unable to maintain a state of relaxed firing associated with in vivo ␣ and waves comprised bursts of two to six spikes that occurred close to the wakefulness for more than 1-2 min. To quantify the sedative effect of LY367385, we measured the mean number negative peaks of the field oscillation and which displayed comparatively large ISIs (17.6 Ϯ 0.7 ms; n ϭ of K spindle complexes per minute in the hour preceding and following drug injection. K spindle complexes con-105) that remained relatively constant throughout the duration of the burst ( Figures 2B and 2C) . As with the sist of a K complex followed by a brief burst of spindle waves and are an easily identifiable LGN field compofiring related to in vitro ␣/ oscillations, the mean number of action potentials in these bursts decreased as the nent (Supplemental Figure S1C ) that represent the earliest manifestation of slow sleep waves in the naturally interburst frequency increased such that, at interburst frequencies of 10 Hz or greater, activity consisted only sleeping cat (Amzica and Steriade, 1998 ). At all doses tested (0.5, 1, and 5 mg/kg, i.v.), LY367385 caused a of action potential doublets or occasional single spikes ( Figures 2B and 2D) . Overall, 87% of ␣ and rhythm substantial increase in the frequency of these events, being statistically significant (p Ͻ 0.001) at doses of 1 cycles were accompanied by bursts of spikes in the unit recordings that exhibited correlated firing. As shown and 5 mg/kg (n ϭ 8 for each dose) ( Figure 1E shifted so that HT spikes occurred at more depolarized potentials ( Figure 5C ). In some TC neurons (n ϭ 18 of Intracellularly recorded HT bursts were essentially identical to extracellularly recorded bursts during in vitro 53; 34%), HT spikes were evident prior to TTX treatment where one or two such events marked the end of an ␣/ oscillations since (1) they exhibited comparatively large ISIs (mean, 15.9 Ϯ 0.8 ms; p Ͼ 0.5) that did not HT burst ( Figure 5E and Supplemental Figure S5A ). HT bursts of this type were termed complex HT bursts. alter as the burst progressed ( Figure 3B ) and (2) the mean number of action potentials in a burst decreased HT spikes were unaffected by replacing extracellular Na ϩ (n ϭ 3) with choline ions but were reversibly abolas the interburst frequency increased such that, at an interburst frequency of 10 Hz or higher, all activity comished in all cases by removing extracellular Ca 2ϩ (n ϭ 4) or by applying 500 M Co 2ϩ (n ϭ 4) (Supplemental prised either action potential doublets or occasional single spikes (see Figures 5A and 5B). Also in agreement Figure 6A, 6D, and 6E) . However, the gap junction blockers carbenoxolone (CBX) (100-200 M) (n ϭ 7) (see 5A). The frequency of these HT spikes displayed an Figures 7B and 7E) , or complex burstlets, apburstlet were routinely observed following TTX application ( Figure 7D ) (n ϭ 3) but were blocked by Ni 2ϩ (250 pearing as a group of spikelets followed by one or two slower events ( Figure 7C ; arrowheads) (time to peak, M) (n ϭ 2 of 2), confirming that they represent HT spikes transmitted through gap junctions. These slower 3.9 Ϯ 0.9 ms; decay , 3.4 Ϯ 0.5 ms; n ϭ 20). Simple burstlets accounted for 64% (n ϭ 7 of 11) of cases, with complex events were therefore termed HT spikelets. The mean ratio of HT spikelet to HT spike amplitude was 0.3 Ϯ burstlets making up the remainder (n ϭ 4 of 11). In general, the majority of cells (8 of 11; 73%) where 0.04 (n ϭ 3 cells), which was significantly larger than the mean ratio of spikelet to action potential amplitude burstlets were observed also exhibited HT bursting so that 15% (8 of 53) of HT bursting TC neurons displayed 0.04 Ϯ 0.004 (n ϭ 10 cells) (p Ͻ 0.001).
spikelets (
As with isolated spikelets (Hughes et al., 2002a) , both types of event.
The slower events present at the end of a complex burstlets were insensitive to a blockade of conventional (Figures 8A and 8B) . Second, burstlets junctions was obtained by injecting dye into burstletgenerating cells and assessing whether additional cells possessed relatively large interspikelet intervals (mean, 16.8 Ϯ 0.9; n ϭ 63) that did not alter as the burstlet were stained (i.e., dye coupling). Using this approach, we found that in 4 out of 5 (80%) cases, injection of the progressed ( Figure 8C ) and which were not significantly different from the ISIs exhibited by HT bursts (p Ͼ 0.5). cellular marker biocytin led to dye coupling ( Figure 7G ). Dye coupling predominantly (n ϭ 3 of 4; 75%) occurred Third, the number of spikelets per burstlet decreased with increasing interburstlet frequency ( Figure 8D ) in a between pairs of cells and not between more than four cells. Since, in general, dye coupling occurred in 39% virtually identical way to that in which the number of action potentials per burst decreased with increasing (n ϭ 33 of 85) of cases where TC neurons were injected with a marker, the probability that the association beinterburst frequency for HT bursts. At appropriate levels of membrane polarization, tween burstlet generation and dye coupling occurred purely by chance was 0.07. The mean distance between burstlets effectively entrained HT bursts leading to stable, phase-locked synchrony between the two events dye-coupled TC neuron somas was 74 Ϯ 9 m (n ϭ 28 pairs). Dye coupling was never observed when slices ( Figure 8A ). However, an increase in depolarization could disrupt this scenario and lead to a cycling between were continuously perfused with CBX (100 M) (n ϭ 15), with the probability of this occurring by chance an in-phase and antiphase association (Figures 8E-8G ). An identical cycling also occurred between simultanebeing 0.0006. , confirming that they represent residual HT spikes transmitted through gap junctions. Eighth, the frequency neurons. Hence, why some TC neurons tend to exhibit HT bursts while others do not could be due to a number but not the amplitude of burstlets is sensitive to membrane polarization. Ninth, as shown in several theoretical of factors, including differences in K ϩ channel expression and mGluR effects, and is yet to be ascertained.
studies cording. In addition, two screws were placed into the orbital bone Experimentation (1998. XXVIII. Section 243/1998), which conforms to record EOG, and a pair of stainless steel wire electrodes were to the European Community regulations (86/609/). In vitro proceinserted into the neck muscles for EMG recording. Bilateral 3 mm dures involving experimental animals were carried out in accordance holes were drilled into the bone for implanting electrode arrays (see with local ethical committee guidelines and the UK Animals (Scienbelow) at coordinates A, 7.2; L, 9.5-10; V, ϩ6 mm (Berman and tific Procedure) Act, 1986. All efforts were made to minimize the Jones, 1982). A small intravenous cannula was then inserted into suffering and number of animals used in each experiment. the right jugular vein, and its Leuer lock cone was cemented to the skull. The cannula was filled with a heparin-saline solution (10% heparin in saline) which was changed daily. Cats were allowed to In Vitro Slice Preparation and Maintenance recover from the implantation for at least 5 days before recording Young adult cats (1-1.5 kg) were deeply anesthetized with a mixture commenced, and during this period they were moved (once a day) of O 2 and NO 2 (2:1) and 2.5% halothane, a wide craniotomy perto the recording chamber for habituation to the environment and formed, and the brain removed. Coronal or sagittal slices of the the connecting cable. At the end of the experiment, animals were thalamus containing the dorsal lateral geniculate nucleus (LGN) were given a lethal injection of Nembutal, placed in a stereotaxic frame, prepared and maintained as described previously ( 
